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SUMMARY 

New phage display vectors for in vivo recombination of immunoglobulin (Ig) heavy (Vh) and light (Vl) chain variable 
genes, to make single-chain Fv fragments (scFv), were constructed. The Vh and Vl genes of monoclonal antibody (mAb) 
EP-5C7, which binds to both human E- and P-selectin, were cloned into a pUC19-derived plasmid vector, pCW93, and 
a pACYC184-derived phagemid vector, pCW99, respectively. Upon induction of Cre ; 
nase), the Vh and Vl genes were efficiently recombined into the same plasmid via the two loxP sites (phage PI 
recombination sites), one located downstream from a Vh gene in pCW93 and another upstream from a Vl gene in 
pCW99. In the resulting phagemid, the loxP sequence also encodes a polypeptide linker connecting the Vh and Vl 
domains to form a scFv of EP-5C7. Whether expressed on the phage surface or as a soluble form, the EP-5C7 scFv 
showed specific binding to human E- and P-selectin. This phagemid vector system provides a way to reeombine Vh 
and Vl gene libraries efficiently in vivo to make extremely large Ig combinatorial libraries. 



INTRODUCTION 

M13 phage surface display vectors (Smith, 198.5) have 
been used successfully for isolation and engineering 
of mAb (for review, see Burton et al., 1994; Winter et al. t 
1994). Antigen binding sites of Ab are displayed as Fab 
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operator or araB, Ap, ampicillin; Ck. constant region of k light chain: 
Cm, chloramphenicol; Cre recombinase, phage PI recombinase (pro- 
duct of gene cre): Acp3. C-terminal domain of M13 minor coat protein 
III; ELISA, enzyme-linked immunosorbent assay. Fab, Fab fragmcnt(s) 
of Ab: f 1 ori, replication origin of phage f I; Ig, immunoglobulin; tPTG, 
isopropyl-p-i>thiogalactopyranoside; lacZpo, promoter-operator of 
lucZ; loxP, phage PI recombination she; mAb, monoclonal Ab; myc 
peptide, short polypeptide derived from human c-myc protein; nt, nucle- 
otide(s): scFv> single-chain Fv fragment (s) of Ab; Tc. tetracyclic tu, 
transforming unit(s); Vh and Vl. Ig heavy and light chain variable, 
respectively; []. denotes plasmid-carrying state. 
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between Vh and Vl genes from separate plasmids in £. 
coli using the /ox-Cre system to form a gene on one plas- 
mid to produce scFv. Using this system, the size of the 
Ab repertoire is limited essentially only by the number 
of E. coli used for in vivo recombination of Vh and Vl 
genes, and therefore it is possible to construct extremely 
large Ig combinatorial libraries. 



EXPERIMENTAL AND DISCUSSION 

(a) Phage display vectors with (he hx-Cre recombination 
system 

Three plasmids, pCW93 for cloning of Vh genes, 
pCW99 for cloning of Vl genes and pCre for production 
of Cre recombinase (Sternberg et al., 1981), were con- 
structed for in vivo recombination between Vh and Vl 
genes to form a gene to produce scFv (Fig. 1). These 
three plasmids are compatible with each other and can 
coexist in the same host £. coli. 

The Vh gene of humanized mAb EP-5C7, which binds 
to both human E- and P-selectin (Berget al., 1995; X. Y. 
He and M. S. Co, unpublished), was cloned as a Ncol- 
Nhel fragment into pCW93, a derivative of pUC19 
(Yanisch-Perron et al., 1985), to make pCW93/H (Fig. 1). 
The Vh gene was linked to the pelB signal peptide (Lei 
et al., 1987) and placed downstream from lacZpo. The 
loxP site was located downstream from the Vh gene. Tn 
addition, the /oxP51 1 site (Hoess et al, 1986), which has 
one nt substitution in the spacer region of the loxP site, 
was located further downstream. 

The Vl gene of humanized EP-5C7 was cloned as a 
Sacl-BglU fragment into the phagemid vector pCW99, a 
derivative of pACYC184 (Chang et al., 1978), to make 
pCW99/L (Fig. 1 ). This vector carries the constant region 
of human k light chain-encoding gene (Ck), a DNA seg- 
ment encoding a short polypeptide derived from human 
c-Myc protein (Myc peptide) (Evan et al., 1985), the 
C-terminal domain of MI3 minor coat protein III (Acp3) y 
and the replication origin of bacteriophage fl (fl oti) 
(Akamatsu et al, 1993). The loxP site was located 
upstream from the Vl gene, and the loxPSli site down- 
stream from fl ori 

The gene for Cre recombinase of phage PI was cloned 
downstream from draBpo (Schleif, 1987) in the 
pSClOl-derived plasmid pLG339 (Stoker et al., 1982) 
(Fig. 1). In E. coli harboring pCre, production of Cre 
recombinase can be induced by arabinose. Cre recombi- 
nase catalyzes site-specific recombination between two 
loxP sites (Sternberg et al, 1981). Recombination also 
occurs efficiently between two /oxP511 sites; however, it 
does not occur between the loxP and loxPSW sites 
(Hoess et al., 1986). 
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(c) Efficiency of recombination 
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loxP sequence also serves the func- 
part of the peptide linker connecting 
to form scFv, which is further con- 
and then to Acp3 for display on the 
2). In addition, an amber stop codon 
:am from Acp3. Gin is inserted at this 
mutants such as TGlArecA (supE y 
tAB), brecA [F\ proAB* , /ac/ q , 
(Akarriatsu et al, 1993); however, when 
1PTG, a soluble form of scFv con- 
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harboring pCW99/L were superin- 
helper phage (Stratagene, La Jolla, 
CA) to package the phagemid DNA into M13 phage 
particles. Then, TGlArecA cells harboring pCW93/H 
and pCre were infected by phage containing pCW99/L 
DNA and VCSM1: helper phage, and cultured overnight 
with or without arabinose. Only the plasmids carrying f 1 
ori, such as pCW99/L, plasmids A, B and C (Fig. 1), are 
packaged into phage particles. The titer of phage contain- 
plasmid C DNA can be measured as 
transforming units (tu), respectively. 
:an be measured as Cm R -and-Ap R tu. 
In the absence of arabinose, Cm R tu was 1.1 x 10 lo /ml 
while Ap R tu and Cm R -and-Ap R tu were both less than 
10 6 /rnl. On the other hand, in the presence of arabinose, 
nearly the same number of Cm R and Ap R colonies were 



obtained; Cm R tu 
5.9 x 10 9 /ml. Cm R 



was 7.3x10* /ml and Ap R tu was 



-and-Ap R tu was l.OxlOVml. DNA 
analysis showed that all of the twelve randomly picked 
Ap R colonies contained plasmid C (data not shown). 
These results indicate that the formation of plasmid C by 
/ox-Cre site-specific recombination occurs very efficiently. 



1 ort/ColE1\ - { Ap 

pCW93/H 
tacZpo toxP loxffll / 

Afim r ' ' SaeA 

NcolNhei Ndci 




orVP1SA\ 



BamHl 



PCW99/L 
'oxP to jrP51 V 

wT |c7[|/lfy3|l1 or/| ( 



Sac/ Bg/J/ 



I 



+Cre 




/ oxPSI 1 JoxP ^ 



EcoRI 



plasmfd A 

lacZpo loxP /oJrP511 
»4^T^ (^ni Cr|4cp3|f1 




or 

loxPSM 



\orVColE1 



loxP 



oriMcPnCxJVL 



plasmld B 

lacZpo loxP loxPSII 

»4v><1 CD<g> \orVP15AWcm 



+Cre 





orl/ColEI hT^P 
plasmid C 



sJacZpoloxP „ „ [o*P5t1 





/ojtP tojrP511 



Fig. 1. Structures of plasmids for in vivo recombination of Vw and Vl genes. To construct pCW93 and 
1993) was first modified to introduce a Nco\ site, the loxP sequence and the myc peptide-coding sequence a 
of the resulting plasmid, pNT3148, containing the cloning sites for Vn genes and the luxP site was inserted 
The bxPSl \ site 5-ATAACTTCGTATAGT ATACATTATACGAAGTTAT; the nt mutated from the wild- 
Ndel site (pCVY93). The Vh gene of humanized anti-human E/P-selectin Ab EP-5C7 was inserted between 
To construct pCW99, the BamH\-Ch\ fragment of pNT3!48 containing the loxP site, the doning sites 
Acp3 and fl ori was inserted between the Hindi (nt 3211; Rose, 1988) and Clal sites of pACYCl84 after 
and then the /oxP51l site was inserted into the Clal site. The Vl gene of humanized EP-5C7 was inserter 
pCW99/L To construct pCre, the PuwII site of pLG339, a derivative of pSClOl, was first converted to a 
Xhol fragment of pAraCPB containing the oraB promoter and the araC gene (M. Imai. unpublished) 
cre gene of phage PI obtained by polymerase chain reaction (Mullis et al.. 1986) were inserted between 
(pCre). The orfs of pUC19, pACYCl84 and pSClOl are shown as ori/ColEL orifPISA and ori/pSCWI 
resistance are shown. Arrows show direction of transcription. In TGI ArecA cells harboring pCW93/H 
Cre rccombinase is induced by arabinose, pCW93/H and pCW99/L recombine to plasmid A via the loxP 
Plasmids A and B are further recombined viu the loxP or loxPSil sites on the same plasmid to make 
pCW99/L, or two new plasmids C and D. 
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pCW99, pScUAGAcp3 (Akamatsu et al., 
shown in Fig. 1 The AJlUl-Sacl fragment 
between the corresponding sites of pUC19. 
type loxP is underlined) was inserted at the 
Ncol and NM sites to make pCW93/H. 
or Kl. genes for human Ck, myc peptide, 
converting the Hindi site to a BamHl site, 
between the Sac\ and BgM sites to make 
Kpnl site.(pLG339-K). Then, the EcoKh 
the Xhol- Kpnl fragment containing the 
the EcoRI and Kpnl sites of pLG339-K 
respectively. Genes for Ap, Cm and Tc 
p^W99/L and pCre, when the production of 
sites or to plasmid B via the /oxP511 sites, 
the original two plasmids pCW93/H and 
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In addition, the recombination event was tightly regu- 
lated by the expression of Cre recombinase under the 
control of araBpo. 



(d) Functional analysis of EP-5C7 scFv 

In order to confirm that scFv expressed from plasmid 
C is functional, TGI ArecA cells harboring plasmid C 
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GCCATGGCC- - VH- - GCTAGCACTAGTTCAGGCGGAGGCGGATCC 
AlaMetAla^ AlaSerThrSerSerGlyGlyGlyGlySer 

toxP site 

AT AAC T TC GT ATAGCAT ACATTATACGAAGTTATC T G G AG GT GGC 

IleThrSerTyrSerlleHisTyrThrLysLeuSerGlyGlyGly 



Sad 



-nrye- -TAG -- Acp3 
(Gin) 



GGAAGCGAGCTC — VX — AGATCT--OC- 
GlySerGluLeu ArgSer 

Fig. 2. The aa sequence of the polypeptide linker connecting Vh and 
Vi_ domains. The nt and aa sequences surrounding the loxP site in the 
scFv -producing plasmid C are shown. The loxP site is shown in bold- 
face. The arrow indicates the cleavage site of the leader peptide. Relevant 
restriction sites are shown above their recognition sequences. The TAG 
amber stop codon located upstream from Acp3 is translated to Gin in 
the presence of the supE gene. 

were grown in the presence of IPTG and culture superna- 
tants containing soluble scFv were used for ELISA as 
described previously (Akamatsu et al, 1993). Wells of an 
ELISA plate were coated with purified human P- or 
L-selectin. After incubation with IPTG-induced culture 
supernatant, bound scFv was detected by goat anti- 
human k chain Ab conjugated with peroxidase 
(Biosource, Camarillo, CA). As was observed with rnAb 
EP-5C7 (Berg et al, 1995), soluble EP-5C7 scFv bound 
to E- and P-selectin, but not to structurally related 
L-selectin. In addition, specific binding of phage particles 
with surface-displayed EP-5C7 scFv to E- and P-selectin 
was observed by ELISA using anti-M13 phage Ab conju- 
gated with peroxidase (Pharmacia, Piscataway, NJ) for 
detection of bound phage. Similarly, when the Vh and 
Vl domains of monoclonal anti-DNA Ab K4-2 (N.T., 
unpublished) were connected by the same polypeptide 
linker shown in Fig. 2, soluble K4-2 scFv showed specific 
binding to DNA. Thus, the aa sequence encoded by the 
loxP sequence provided a flexible polypeptide linker 
which allows Vh and Vl domains to form a functional 
antigen-binding site. 

(e) Conclusions 

(1) Using the lox-Cve site-specific recombination 
system, we have developed phagemid vectors which allow 
efficient recombination between Kh and Vl genes from 
separate plasmids to form scFv-producing phagemid in 
E. coli. Recombined Vh and Vl genes can be expressed 
as surface -displayed scFv on M13 phage or as a soluble 
scFv by IPTG induction. 

(2) The efficiency of recombination between Vh and 
Vl genes is very high. Nearly half of the phage particles 
rescued from E. coli after /ox-Cre-mediated recombina- 
tion contained the desired scFv-producing phagemid. 

(3) The loxP sequence is used to encode a part of the 
polypeptide linker connecting Vh and Vl domains. The 
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